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This research was undertaken to develop the inter-
play Detween mass spectroscopy and N.M.R. spectroscopy 
in qualitative organic work. 
12 Using a method developed Dy Paulsen and Cooke, 
percent.hydrogen and percent fluorine may De determined 
I 
Dy N.M.R. spectroscopy. If one then comoines this infor-
mation with the molecular weight found from mass spec-
troscopy, the exact numDer of hydrogen or fluorine atoms 
present in a molecule may oe :round. If' the molecular 
weight and the exact numoer of hydrogen atoms are known, 
one may, oy scanning taoles such as Beynon's Taoles .Q.f 
Masses fQ!: Various Comoinations .Q.f Caroon, Hydrogen, 
Nitrogen and Oxygen, I'ind possiule molecular Iormulae. 
In the event 01 more than one molecular rormula 
ritting the inrormation, the correct molecular 1·ormula, 
in most cases could oe deduced oy some simple chemical 
test. It should De emphasized that mass spectroscopy 
is not needed to determine pefcent hydro~en or lluorine. 
The use of N. M.R. to determine the numoer of hydro-
gen atoms per molecule also makes possiole an improvement 
in the calculation 01· the numoer 01 caroon atoms per 
molecule lrom the mass SJJec trum oy the isotope ratio 
method. 15 Normall y this me thod requires the divis ion or 
the percentage 01· the parent peak he ight, P , which equals 
the parent plus one peak height, P + 1, oy a factor, P, 
whicl;l ranges from 1. 09 to 1.12, depending on the hydrogen 
content, 
(P + 1 ) 100 
p Jt, 
Knowing the numoer of hyd rogen atoms from ~ . M. R. data 
allows one to suotract the contrioution due to deuterium 
rrom the parent plus one to parent ratio. With t his 
adjustment it is appropriate to use 1 .09 to calculate 
the numoer of caroon atoms, regardless of hydrogen content. 
Still another way in which N.M.R. can aid the 
maae spectroecopist is in the ass ignment of the parent 
peak. The latter should De in quite close agreement to 
an integral multiple of the equivalent weight as determined 
oy N.M.R. 
The aoility to quantitatively measure nuclei 
proved useful in equiliorium studies. This research 
explored a series of equilioria oetween ooron trifluoride 
diethyletherate and several different Lewis Bases. The 
oases used were N-methylaniline, N-ethylaniline, N,N-di-
methylaniline, 4-picoline, 3-picoline, and 2-picoline. 
Measurements o±", equilioria among the various oases were 
also made. Fluorine-19 N.M.R. spectroscopy was used 
1·or this purpose. 
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INTRODUCTION 
If an organic chemist had to choose a single 
item of information above all others that are usually 
available from spectra or from chemical manipulation, 
he would certainly choose the molecular formula. 
In addi tinn to the kinds and numoers o:i:" atoms, 
the molecular formul'.3- would give other information such 
as 11•si tes of unsaturation". This information may oe 
f·ound from the well ~staolished formula 16 ••• 
# 1• t C 1 H X N . o unsa ., = +· - 2 - 2 + 2 
where C = number of carbon atoms 
H = numoer of ·hydrogen atoms 
X = number of halogen atoms ,, 
N = number of trivalent nitrogen atoms 
Knowing such'information could De useful in 
determining structure. For example, a com5:,ound con-
. ' 
taining a single oxygen atom may quickly be determined 
to be an ether or a carbonyl compound simply by counting 
"unsaturation si te·e 11 • 
The extreme value of knowing the molecular form-
ula can not be overstated. However, the means or estab-
lishing molecular formulae are somewhat time consuming. 
1 
To run an a:aalysis on a compound containing 
caruon, hydrogen, oxygen, nitrogen and a halide, would 
' p:i;ooaoly involve three separate determinations. Uom-
custion analysis could oe used to determine the amount 
01· caroon and hydrc;,gen present. A determination or 
halogen content would proDaDly ce done 
method. 1° For nit~ogen, either Dumas' 
Dy the Carius 
or Kjeldahl's 
method would proDaply oe d 10 I . use • · n any event, the 
determination 01· a molecular 1·ormula would oe time 
! 
consuming. 
Paulsen and Oooke12developed a method using 
N.M.R. spectroscopy in which percent hydrogen may De 
determined quickly and easily • .However, the accuracy 
was somewhat limited due to the stage or development or 
electronic integration equipment. Since·then integration 
equipment has improved and with it the .accuracy or the 
measurements. 
Comoining the improved N.M.R. data, oi>tained Dy 
using Paulsen and Cooke's method, with inrormation rrom 
.mass spectroscopy, molecular rormulae ror a large majority 
or compounds may be round quickly and easily. 
It will also be shown how equiliorium constants 
can ce determined, in a manner similiar to Paulsen and 
Cooke's method, with.considerable speed and accuracy. 
DISOUSSION 
The application or the N.M.R. technique to 
problems or quantitative analysis has not Deen exten-
sively investigated.1 This is. proDaoly due to the ract 
that other techniques are orten considered to De more 
sui taDle 1·or specific analytical applications than the 
' 
N.M.R. technique. 
The underly,i.ng principle permitting use of mag-
' 
' netic resonance aosorption as a quantitative measure or 
a particular suostance is that the signal strength is 
proportional to the numoer or magnetic nuclei present. 
This assumption is perfectly valid ir care is taken to 
outain the Dest possiDle resolution. Using electronic 
integrators, it is possiDle to get relative intensities 
within 1-;%, tiut one must guard against two sources 01· 
.error. 
1 
1. The detector phase must be carefully ad-
justed to exclude the dispersion mode as comple1;ely as 
possiCJle. Ir .this is done properly, the integration 
steps will De flat. In many spectra it is not possiDle 
to achieve complete flatness Decause the peaks are 
surt·iciently close that their wings overl,ap. In this case, 
judgement or step height is iess accurate. 
2. The r1· power H1 !IIUSt De kept oelow the value 
3 
" 
corresponding to saturation ror any of the nuclei Deing 
measured (not usually a proolem). 
The accuracy of the N.M.R. machine oeing used 
' 
4 
will vary rrom machine to machine. To ootain a measure 
or accuracy for thk machine oeing used for this research, 
several solutions ~1· dir1·erent concentrations were pre-
pared. The ratio, oy moles, of compound A to compound .I:! 
ootained rrom weighing, was recorded. These solutions 
were then placed in tm N .M.R. machine and their spectra 
were run. Ir., in reality, the signal intensity is pro-
portional only to the numoer of magnetic nuclei present, 
the ratio of the i~tegrations should oe equal to the 
ratio or compound A to compound .I:!, ootained from weighing. 
The results 01· the'se solutions are given in taole 1. 
The average! error ror taole 1 is 0.017. A typical 
spectrum 1·or th.is type 01· calculation is shown in r·igure 1. 
Notice the flat steps in the integration. An impurity 
· will add error to the calculation. Ther,e1·ore, a third 
error to oe, aware o:r, along w'i th the aoove two, is that 
precautions must oe taken to remove impurities. 
A common impurity is water. Hygroscopic compounds 
must. oe protected 1·rom moisture. The presence o:r as 
little as 1- mole percent o:r water may ue au1·1·icient to 
d . . l i 11 pro uce a poor ana ys s. If water is the known impurity 
a correction 1·actor may oe added to the integrations, 
since the ratio or the individual peaks should ue in 
whol_e numoers. If a peak is suspected 01· ueing too high 
due to water, it could De detected oy the ratio 01 the 
Trial No. 
1 
2 
3 
5 
6 
TABLE 1 
Ratio.of A:B vs Ratio of A:B 
(weighing) (N.M.R.) 
Ratio of A:B 
(weigp.ing) 
1 : 1 • 86 
1 : 1 • 22 
1 : 0. 78 
1:2.03 
·' 1 : O. 49 
1 : 1 • 42 
Ratio of A:B 
(integration) 
1 : 1 • 85 
1 : 1 • 23 
1:0.77 
1 : 1 • 99 
1 :0.50 
1:1.44 
A= 4lbromofluorobenzene 
B = fluorobenzene 
Error 
0.01 
0.01 
0.01 
0.04 
o. 01 
0.02 
5 
.. 
I·. 
6 
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integrations not gi~ing whole numbers. 
Once it was felt the accuracy obtainable was 
worthwhile, work was continued to devise a method to 
determine the number of hydrogen atoms present in a 
compound. 
The number of hydrogen atoms present in a com-
pound may De determined as follows (an example will be 
used to help explain). 
A standard and an unknown are prepared as de-
scriDed in the experimental section. The spectrum of 
the compound is then run. The amount of standard used 
is known from weighing. For the example spectrum, (see 
figure 2) the standard used was dichloromethane and 
the. amount used was 46.2204 millimoles. If an equiv-
alent is defined as Deing the weight of one hydrogen 
atom, the standard contains 46.2204 x 2 = 92.4408 meq. 
From the integration, these 92.4408 meq. are detected 
by N.M.R., of having an integrated height of 5.7 cm. 
Therefore, the numDer of meq./cm. could De found. In 
this case, 92.4408/5.7 = 16.2180 meq./cm. From the 
integration of the unknown, 13.4 cm., and the number of 
meq./cm., the numDer of meq, of unknown may be found. 
13.4 x 16,2180 = 218.9 meq. At this point, taking the 
number of eq. of unknown times the weight of one eq, 
(1,0079) and dividing by the weight of unknown used, 
times one hundred, gives the percent hydrogen, For the 
example, go.2189 x 1,0079)/4.66~ x 100 = 4.69~, Also, 
7 
V 
FIGURE 2 
TYPICAL HYDROGEN SPECTRUM 
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knowing the number 01· eq, and the original weight of 
the unknown, one may find the weight or one eq. ol' 
unknown. 4,666/0.2189 = 21.47 g./eq. Then knowing. 
9 
the molecular weight or the unknown, l'rom mass spectro-
scopy, · the numner 01· hydrogen atoms may oe found by 
dividing the equivalent weight into the molecular weight. 
108,98/21,47 = 5.07. The unknown, therefore, has 5 
hydrogen atoms. 
The method may oe summarized in eight steps. 
1. Determine the numoer 01' moles or standard 
used. 
2. Determine the number 01· equivalents used, 
by multiplying by the riumoer of hydrogen atoms present 
in the !'!tandard. 
3, From the integration, determine the numuer 
of equivalents per centimeter. 
4. From the integration, determine the numoer 
of equivalents or unknown. 
5. Determine the percent hydrogen .1·rom the 
rormula, [C# 01· eq. x 1.0079)/wt. 01· unk.J x 100. 
6. From the weight 01· the unknown used and the 
numoer or equivalents, determine the weight of one 
equivalent. 
7, Determine the molecular weight oy mass 
spectroscopy. 
a. Divide the molecular weight oy the equivalent 
weight to determine the number of hydrogen atoms. 
Calculations for numoer of hydrogen atoms per 
molecule were done 1·or several different hydrogen con-
taining compounds, The results, along with the raw 
data, are found.in taoles 2 and 3, respectively, 
10 
The method, 01· course, may oe expanded to any 
nuclei which is measureaole oy N.M,R, It was done 1·or 
fluorine containing compounds, The results, along with 
its raw data,- are 1·ound in taole 4 and 5, respectively. 
The calculation dif1'ers only in one respect for 
fluorine, that oeing to determine the numoer of equiv-
alents of standard used, one multiplies oy the numoer 
of fluorine atoms present in the standard, Fluorine-19 
N.M,R, spectroscopy is used. 
Two sample fluorine spectra are shown in figures 
3 and 4, Figure 3 is placed in the thesis to illustrate 
that acommon error when doing fluorine determinations 
is to miss peaks 1·ar downfield,e,g, the peak at -15ppm 
downfield was missed in the first scan, Figure 4 illus-
trates approximately the same point, out emphasizes 
more fully, the extreme range over which the peaks may 
fall, rt also illustrates the point that when doing an 
analysis on fluorine, a wide sweep width should De used 
to scan the spectrum. 
The fluorine analyses, in general, were slightly 
more difficult and time consuming. It was harder to 
find suitaole standards, 
For a good quantitative elemental analysis, the 
generally acceptaole error in percentages is .:t 0,3%, 
1 1 
TABLE 2 
Deter~ination of Hydrogen (liquids) 
:N'ame of Compound Actual# of H Cale. # of H 
chloroform 1 0,99 
dichloromethane 2 2. 01 
methanesulfonyl 3 2,98 
chloride 
1,2-dibromoethane 4 3,99 
bromoethane 5 5.08 
benzene 6 5,98 
benzyl chloride 7 7.00 
ethylenediamine 8 7 .96 
t-butyl oromide 9 8.90 
tetrahydropyran 10 9.87 
N-ethylaniline 1 1 11 • 16 
1,5-cyclooctadiene 12 12 .02 
2-methylpiperidine 13 13.07 
2-heptanone 14 14.02 
triethyl phosphite 15 15, 16 
heptyl alcohol 16 15.97 
TABLE 2 (cont.) 
Determination of Hydrogen 
Name of Compound 
1,4-ois-(aminomethyl) 
cyclohexane 
dodecyl alcohol 
p-nitrochlorobenzene 
phenol 
benzoic acid 
trans-cinnamic acid 
anthracene 
Actual# of H 
(Solids) 
18 
26 
4 
6 
6 
8 
10 
12 
Cale.# of H 
18.01 
25.92 
3.99 
5.99 
6.02 
8.02 
9.97 
13 
TABLE 3 
Original Experimental Data 
Compound Integration Integration Weight Weight 
Standard Unknown Standard Unknown 
(cm.) (cm.) (grams) (grams) 
chloroform 5.80 2.35 3.7384 4.2909 
dichloromethane 2.35 5.80 4.2909 3-7384 
methanesulfonyl 6.75 
chloride 
6. 95 4.0310 3.7528 
1,2-dibromo- 1.00 10.70 4.2126 7.1314 
ethane 
p-nitrochloro- 14.80 6.90 4.5719 1. 8533 benzene 
bromoethane 5.70 13.40 3.9255 4.6667 
benzene 14.35 7.90 3 .1438 2.5105 
phenol 5.30 6. 45 4.5719 2.0569 
benzoic acid 17.80 5.00 12.5398 1 .6844 
benzyl chloride 5.55 11. 25 3.7618 3.2460 
ethylenediamine 2.60 8.40 4.3054 2.4699 
trans-cinnamic 16.20 3.00 3.5728 0.9381 
acid 
t-outyl bromide 5.80 14.95 3.9145 3.6562 
tetrahydropyran' 4.75 14.20 4.0001 2.4610 
anthracene 15.70 2.85 s.5973 0.6559 
N-ethylaniline 4.15 11. 75 3.9039 2.8237 
14 
TABLE 3 (cont.) 
, Original Ex12erimental Data 
Com12ound Integration Integration Weight Weight 
Standard Unknown Standard Unknown 
(cm.) (cm.) (grams) (grams) 
1., 5--cyclo- 7.90 14.35 2.5105 3 .1438 
octadiene 
2-methyl- 3.55 12.30 3.6346 2.2500 
piperidine 
2-heptanone 4.50 15.05 3.8285 2.4552 
triethyl phosphite 5.35 17.30 3,. 7906 3. 1640 
heptyl alcohol 3.80 14.80 4.0004 2.6696 
1,4-bis-(amino- 3.90 15.55 
methyl) cyclohexane 4-5563 3-3803 
dodecyl alcohol 4.25 14.95 3.9002 2.3211 
TABLE 4 
Determination .Qf Fluorine 
Name of Compound Actual # of F 
p-bromofluorobenzene 1 
fluorobenzene 1 
oromopentafluoro- 5 
benzene 
hexaflUorobenzene 6 
hexafluoro-1,2- 6 
dichlorocyclopentene 
Cale.# of F 
1. 03 
1 .03 
5,04 
5. 95 
6 .12 
16 
TABLE 5 
Original Experimental Data 
Compound Integration Integration Weight Weight 
Standard Unknown Standard Unknown 
(cm.) (cm.) (grams) (grams) 
p-bromofluoro- 9.85 10.00 1.6285 2.9107 
benzene 
' fluorobenzene 14.60 3.40 1.5330 1. 0703 
bromopenta- 5.40 9.00 1 • 8150 4.7829 
fluorobEmzene 
hexa:f'luoro- 9.00 5,40 4,7829 1,8150 
benzene 
hexafluoro-1,2- 4.60 5,00 1,4116 1.9824 
dichlorocyclo-
pentene 
17 
FIGTTRE 3 
TYI'ICAL FLUORINE SPECTHIT.M 
_..,"° • da · • xa 1~1) Im UI) 10 :"'-
·,c: .. ..,IICIO ICO l'IICI , ,.oo 500 • 100 ax, JOO ICO OW. sPfCTl\/MtbMl •••• 
j · • • i •II I j I I Ii I I I I I j I I Ii 11 I I I j I I I I j I I I I j I I I I j I I I I j I I I I j i I I I j I I I I j I I I I! Ii I I j I I I I j i I Ii j Ii Ii j I ii:~~~~$~:~~~:~ 
F~F 
,¥r 
F 
DETERMINATION OF 
I 
F*F .F::!+r::~, 
FLUORINE· ,-~P fl-i.-c 
F 
'' 
' 
, ... 
_l 
d?JEOL 
...,,,.N1.r:•1?",:::•,cs •1 
,,,-c. ....... . 
FIGURE 4 
COMPLEX FLUORINE SPECTRUM 
COMPLEX SPECTR.,i;,,';,:· 
FLUORINE COMPOUND 
·tr··, • ,,., -
Cl Cl ~ 
lisds,;. &drui& 
,, .\i6flll&&. J,_,,n,J,l 
18 
/J,l 
19 
The percent hydrogen and fluorine in the same series 
01· compounds also was determined. The results are round 
in taoles 6 and 7. It is recommended, in cases where 
complex structure is thought to oe involved, that mul-
tiple analyses would De useful, 
It is uelieved that quantitative analysis oy 
N.M.R. is accurate !"or up to thirty-seven hydrogen 
atoms.(determined oy $tandard error analysis). At this 
point the error oecomes signil"icantly greater than± 0.3,;. 
The average error 1·or. the analyses 01· percent 
hydrogen was 0.039%. The average error !"or the analyses 
01 percent rluorine was 0.847%. The average error !"or 
percent.hydrogen Iound oy Paulsen and Cooke 12 was 0.85%, 
. The average error ror percent fluorine uy Paulsen and 
Cooke 12 was 1.5,t. Thia signiiicant improvement is oe-
. li'eved due t,o uetter instrumentation. 
Once the numoer o!" hydrogen atoms per molecule 
and the molecular weight are known, the molecular 1·or-
. mula may oe deduced. Two examples will now ue presented 
to illustrate how one would go aoout determining mole-
cular rormulae •. 
Example 1: The molecular weight 01· a compound is 
79 and it contains 5 hydrogen atoms. Fina the molecular 
1·ormula. 
Rationale: Since the numuer oI hydrogen atoms 
present is 5, at least one caroon atom must ue present. 
Suotracting 5 !"rom 79 and dividing uy 12 gives a possiole 
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TABLE 6 
Percent Hydrogen (Theoretical vs N ,M.R,) 
Name oi' ComEound ~ H :! H Error 
(increasing H #) (theory) (N,M,R,) 
chloroform 0,84 0,84 o.oo 
dichloromethane 2,37 2 ,.39 0,02 
methanesulronyl 2,64 2,62 0,02 
chloride 
1,2-dioromoethane 2, 15 2, 14. 0.01 
p-nitrochlorooenzene 2.,56 2,55 0.01 
oromoethane 4,63 4,69 0,06 
Denzene 7,74 7,72 0.02 
phenol 6,43 6,42 0.01 
Denzoic acid 4,95 4,97 0.02 
Denzyl chloride 5,57 5,58 0.01 
ethylenediamine 13,42 13,35 0.07 
trans-cinnamic acid 5 ,44 5 ,46 0.02 
t-outyl oromide 6.62 6,55 0.07 
tetrahydropyran 11.70 11 , 55 0 .15 
anthracene 5,66 5,64 0.02 
N-ethylaniline 9, 15 9,28 0.13 
1,5-cylooctadiene 11 , 18 11.20 0.02 
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TABLE 6 (cont,) 
Percent Hydrogen (Theoretical vs N,M.R,) 
Name of Compound % H % H Error 
' (increasing H #) (theory) (N,M,R,) 
2-methylpiperidine 13,21 13,28 0.07 
2-heptanone 12,36 12,37 0.01 
triethyl phosphite 9, 10 9,20 0.10 
heptyl alcohol 13,88 13,85 0.03 
1,4-bis-(aminomethyl) 
.qyclohexane 12,76 12!76 o.oo 
dodecyl alcohol 14,08 14,03 0,05 
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TABLE 7 
Percent Fluorine "(Theoretical vs N.!li.R.) 
Name of Com:12ound ! F ~ F Error 
(in6re11sing'F #) (theory) ('N .M.R,) 
p-oromofluorooenzene 10.86 11, 23 0,37 
fluoroDenzene 19,76 ·20.41 0,65 
oromopentafluoro- 3a.47 36.64 1.83 
oenzene 
hexafluorobenzene 61.29 60.82 0,47 
hexafluoro-1,2-di- 46,53 47,44 0.91 
chlorocyclopentene 
u~per limit of 6 carDons, Since the total weight of 
6 carbon atoms plus 5 hydrogen atoms does not add up 
' to 79, there must De some other element, or elements 
present. 
23 
In this case, whatever else is present must not 
exceed the weight of 62, This value is ootained oy 
suDtracting, from 79, 5 !'or hydrogen and 12 1·or carDon, 
Nitrogen, oxygen, and the halogens are assumed to oe the 
only other elements present. The possible combinations 
of these elements, this time, must not include an even 
numoer of nitrogen or halogen a.toms, (even-odd rule). 14 
ComDinations containing o~omine or iodine must De excluded 
since they exceed the weight of 62, With comDinations 
of these types excluded, possiDle comDinations are 
listed below. 
1 • N = 14 6. N + N _+ N = 42 
2. 0 = 16 7, N + 0 + 0 = 46 
3, Cl= 35,5 8. 0 + F = 35 
4, F = 19 9, 0 + 0 = 32 
5, N+ 0 = 30 1 o. 0 + 0 + 0 = 48 
After suDtracting weight of hydrogen and the 
weight of all other elements present the remainder must 
be some multiple of 12. The only element, or combination 
of elements, that meets all the aoove requirements is 
numDer 1, (79-5-14)/12 = 5, Therefore the molecular 
formula must be c5H5N1 • 
Example 2: The molecular weight of a compound 
is 188 and it contains four hydrogen atoms. 
molecular formula. 
Find the 
I, 
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Rationale: Assume only carbon, hydrogen, nitrogen, 
oxygen and halogen atoms are present. Since the numoer 
of hydrogen atoms present is four, at least one caroon 
atbm is present. Subtracting 4 from 188, and dividing 
by 12 gives a possible upper limit of 15 caroons. Since 
the total weight of 15 caroon atoms and 4 hydrogen atoms 
does not add up to 188, there must De some other element, 
or elements present, 
In this case, the possible combinations of nitro-
gen, oxygen and halogen atoms must not exceed the weight 
of 172, This value is obtained oi subtracting, from 188, 
4 for hydrogen and 12 for carbon. Also, in this case, 
since an even number of hydrogen atoms is present, the 
comoinations must 
or halogen atoms, 
include an even numoer of nitrogen 
· 14 (even-odd rule). Some possible 
combinations are listed below. 
1. N + F = 33 
2. N +Cl= 49,5 
3, N + Br = 94 
4, N + I= 141 
5. F + F = 38 9, N + 0 = 30 
6. Br+ Hr= 160 10. O +Hr= 96 
7. Cl + Cl = 71 11. O +I= 143 
8. N + N = 28 12. 0 + 0 = 32 
Any comoination chosen, must when suostracted 
from 184 and divided by 12, give a whole numoer if it is 
a possible molecular formula. An acceptable molecular 
formula would be c2H4Br2 , (188-4-160)/12 = 2. 
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The reader must keep in mind that possible com-
Dinations may appear overwhelming, out that in practical 
situations the elements present are going to be known, 
and thus, the possibilities are drastically reduced. 
If the elements present are limited to carbon, hydrogen, 
nitrogen and oxygen, a taole such as l:leynon's Tables 2f 
Masses f2! Various Comoinations 2f Carbon, Hydrogen, 
Nitrogen!!!£ Oxygen, may oe consulted and possible mole-
cular formulae obtained directly, 15 Computers could be 
easily programed to give possible comoinations, also. 
If one is cbnfronted with more than one possible 
formula, the usual assets of N,M,R, and mass spectro-
scopy, or som~ simple qualitative test would probaDly 
give the correct choice. 
DISCUSSION 
Equilibrium Studies 
In determining equilibrium constants, the number 
of moles or equivalents of each component at equilibrium 
must be known. This information may be found by using 
the same technique as in the determination of hydrogen. 
That is, using a known amount of standard to find the 
number of equivalents per centimeter, and then determining 
the number of equivalents, of each component, at equi-
librium. 
i 
It is well documented that boron trifluoride 
is one of the strongest Lewis acids known, and readily 
forms adducts with water, ethers, alcohols, amines, 
phosphines, etc. 5 Boron trifluoride is most commonly 
available as its diethyletherate. In this form it is 
easily handled. 
Much work has been done at Morehead State University, 
using boron trifluoride diethyletherate and different 
Lewis bases. Therefore, it was thought appropriate t,o 
carry on equilibrium studies using boron trifluoride 
diethyletherate and different Lewis bases. Knowing 
equilibrium constants, relative basic strengths could 
be determined. Equilibrium constants were measured for 
nine different equilibrium systems. They are listed 
in table a. 
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TABLE 8 
Equilibrium Systems Investigated 
1 , ¢NHEt :BF3 + ¢NHMe 
2, ¢NHEt:BF3 + ¢NMe2 
¢NH!,le :BF3 + ¢HMe2 
¢NHEt + BF3 :0Et2 
5, ¢NHMe + BF3:0Et2 
6, ¢NMe2 + BF3:0Et2 
-
¢NHEt + ¢NHMe:BF3 
¢NHEt + ¢NMe2 :BF3 
¢NHMe + ¢NMe2 :BF3 
¢HNEt:BF3 + Et2o 
:;:::::= ¢NHMe :BF3 + Et2o 
¢NMe2 :BF3 + Et2o 
7, 2-picolin~ + BF3:0Et2 :::.:==:: 
8, 3-picoline + BF3 :0Et2 :::.:=:::= 
9, 4-picoline + BF3 :0Et2. ::;;:::::::!:: 
2-picoline:BF3 + Et20 
3-picoline:BF3 + ET20 
4-picoline:BF3 + Et2o 
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The fluorine-19 N.M.R. spectrum of these solutions 
shows a quartet 1'or every Lewis oase:1:1F3-complex present, 
and a sharp single peak for the ooron trifluoride diethyl-
etherate. The quartet ari~es due to 11 B for which I= 3/2. 
The skew 01· the intensities is attriouted to overlap 
with the septet ca.used oy coupling with 10.1:1 1·or which 
I = 3; The ·quarte.t predominates oecause 01· the 81. 3:t 
aoundance 01' 11 .1:1 isotope. 16 These quartets may oe seen 
in I'igures 5 and 6 1 which are typical spectra ootained 
!'or Lewis oases plus ooron tri1·1uoride diethyletherate. 
The method 01' calculation 1·or the equilioriwn 
constants will oe outlined oelow. First those steps 
to 1'ollow when adding a single oase plus ooron tri1·1uoride 
dtethyletherate will De presented. 
Steps to Follow When Using A Single Hase Plus BF3 :0Et2_ 
1 • Determine the number of moles 01' .1:1F3 : OEt2_ 
used. 
2. Determine the numoer of equivalents used oy 
multiplying oy three, since three 1·1uorine atoms are 
present, 
3. From the integration, dete.rmine the numoer 
01' equivalents per centimeter. 
4. Determine the numoer 01· equivalents 01· 
.1:1F3 :0Et2_ at equiliorium Dy multiplying that proportion 
01' the total integration, which is due to 1:1F3 :0Et2 , 
oy the numoer of equivalents per centimeter. 
5. Determine the number 01· equivalents of adc1uct 
I • 
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FIGURE 5 
TYPICAL LEWIS HASE:ADDUCT SPECTRUM 
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FIGURE 6 
TYPICAL SPECTRUM OF TWO.LEWIS HASES + BF3~ 2-
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at equiliorium oy multiplying that proportion 01· the 
total integration, which is due to the quartet·, oy the 
numoer 01· equivalents per centimeter. 
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6. From the difference oetween ooron trifluoride 
diethyletherate started with, and the amount le1·t at 
equiliorium, determine the equivalents or diethylether 
let·t at equiliDrium. 
7. From the amount or case started with, and the 
amount complexed, determine the amount uncomplexed (the 
numoer of moles or Dase started with, must De multi-
plied oy 3 since that is the numoer or 1·1uorine atoms 
for which it ha~ the potential to comDine). 
8. Suostitute.the values in the expression oelow 
.to determine the equiliorium constant. 
K = 
eq ~q. of Dase unco~plexed] rq. of BF3 : OEt~ 
The results oDtained for the equiliorium constants 
of single oases plus Doron trifluoride diethylether~te 
are shown in taDles 9-14. 
The values do not agree from one measurement to 
the next. This is Delieved to De due to neglecting 
activity coeft"icients. The more accurate expression for 
the determination of equiliorium constants would oe ••• 
= [-rec] [ydn] . 
[-YaAJ~ DB] ' "( = activity coefficient. 
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TABLE 9 
Summary of Keq for Individual Bases & BF3~ 2-
Equiliorium Being Measured 
Ratio o':t· Base to Acid K 
-eq-
:1 :O. 40 1.96 
t:0.41 4.28 
; 
1:0.43 3.78 
1:0.53 • 5.30 
1:1.79 2.90 
1:1.89 1 ,84 
~AJ:lLE 10 
} 
Summary of K84 for Individual Bases & BF3.!,Qfil2_ 
EquiliDrium Being Measured 
' 
.0NHEt + tlF3 :0Et2 ~ ,0NHEt:tlF3 + Et2o 
Ratio or tlase to Acid K 
-eq-
1:0.40 0.23 
1: o. 43 0,85 
1 :0.47 2.65 
1 :0.54 2.45 
1 : 0. 56 2.38 
1 :0.61 4.44 
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TA8LE 11 
Summary of Keq for Individual Hases & HF3 :oEt2_ 
Equiliorium Heing Measured 
I-
Ratio of Hase to Acid K 
-eq-
1 : 0. 44 3. 15 
1:0,47 3,08 
1 :0,51 6,55 
1 : 0. 52 4,45 
1 :0.63 5. 18 
1 :0.65 5 ,85 
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TA.l:ILE 12 
Summary of Keq for Individual bases & hF3 :oEt2_ 
Equilibrium Being Measured 
Ratio of .!:lase to Acid K 
-eq-
1 : 1 • 44 11 • 10 
1 : 1 , 70 9,82 
1:2.05 7,04 
1:2.10 9,45 
TAHLE 13 
Summary of Keq !"or Individual bases & HF3.!_Qfil2_ 
Equiliorium Bein€: Measured 
. ! 
3-picoline + BF3 :OEt2 :;·: ==~ 3-picoline :1lF3 + Et 2o 
i 
Ratio of Base to 
1:1.47 
1 : 1 • 83 
1 : 1 , 85 
1:1.85 
Acid K 
-eq-
7.48 
7.87 
7.26 
7, 14 
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TABLE 14 
Summary of Keq,-. _1· ..... o_r-=In ...d--=iv_i_d_u_a __ l ____ B __ a __ s __ e __ s ___ & _____ ~ ____ F
3
.:.2fil_2_ 
Equiliorium Being Measured 
Ratio of Acid to Base K 
-eq-
1 : 1 • 56 2.59 
1:1.80 1.50 
1 : 1 • 80 · 1.96 
1:2.15 1.20 
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A simple method to obtain activity coefi"icients 
was not availaole, therefore, to eliminate activity 
coefficients from the equilibrium expr,ession, two Lewis 
bases were added to ooron trifluoride diethyletherate, 
The expression i'or the equilibrium between the two bases 
would contain the activity coefi'icients of two oases and 
two adducts. If one would use oases similiar in struc-
ture, the activity coefficients of the two oases would 
oe approximately equal and would cancel out. The same 
for the two adducts, This assumption is valid since 
the structure of ,the molecule determines, to a large 
extent, the activity coe1·1·icients. I1· the structures 
are approximately the same, the activity coe1·1·icients 
would oe also, 
The results 01· taol.es 15-17 appear to oear out 
the validity ol' this assumption. In the calculation 
01· Keq !'or the equiliorium oetween singll:l Lewis oases 
and ooro:p. tril'luoride diethyletherate, the expression 
would contain activity coe1·ricients which can not oe 
canceled out. 
The ca;I.culation of equiliorium constants, when 
two oases are used, is done in a manner similiar to 
when only one oase is used. It should De noted that 
from the spectrum 01· two oases plus ooron tri!'luoride 
diethyletherate, three separate equiliorium constants can 
oe measured. Dil'i"erent suosti tuted anilines were run 
as pairs. Measurements were not run on the picolines 
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TABLE 15 
· Summary of Keq for Two Lewis Bases & BF3J.filt!:,2_ 
Equilibria Being Measured 
· 1 • ¢1n1Et : BF 3 + ¢NHMe .....---- ¢NHEt + ¢NHMe:BF3 
!2. ¢mt+ BF3 :0Et2 ¢NITTt:BF3 + Et2o 
3. ¢NHMe I + BF3 :0Et2 ¢Nl!Me :Br3 + Et2o 
Trial No. K 1. K 2. !eq..l..:. -eq- -eq-
1 1 .84 0.87 1.60 
2 1.86 · 1 .23 2.29 
3 1.77 1. 55 2.75 
4 1. 99 1.66 3.32 
I 
TA~LE 16 
Summary o:r Keq for Two Lewis Bases & HF3 :0Et2_ 
Equilioria Heing Measured. 
1 • f/JNMe 2 :HF3 + ,elNHMe .0NMe2 + ,elNHMe:.HF3 
2. ¢mne2 + .1::rn•3 : 0Et2 ,0NMe 2:HP3 + Et2o 
3. f/JNHMe + .HF3 :0Et2 ¢trnMe :HF3 +· Et20 
Trial No. K 1. 
-eq- K 2. -eq- !eq..l..:. 
1 28,84 0.23 6.68 
2 29.81 o. 30 8.93 
3 24.61 0.16 3.82 
4 27.07 0.29 7.88 
' 
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TABLE 17 
Summary of Keq for Two Lewis Bases & BF3 :0Et2_ 
Equilibria Being Measured 
2. ,0NHEt + BF3 :0Et2 ¢NHEt:l:lF3 + Et2o 
I 
3. ,0NMe 2 + BF3 :o)1:t2 ¢NMe2 :BF3 + Et20 
Trial No. K 1. 
-eq- K' 2. -eq--:- !eq~ 
1 . 0.090 7.30 o.66 
2 0.089 8.00 0.71 
3 0.085 12 .17 1 ;03 
4 0.086 ) 27.54 2.37 
41 
since the quartets 01· the two dir1·erent picolines over-
lapped, The raw data for taoles 15-17 is round in 
taole 18. 
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The order of Dasie strengths 01· the three anilines 
measured toward·.l:SF3 :OEt2 was found to oe N,N-dimethyl-
aniline < N-ethylaniline < N-methylaniline. 
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TA.1:!LE 18 
Raw Data 1·or Taole 15 
Trial # Wt. A Wt. .I:! wt. C Int, A Int. .I:! t Int, c' 
1 2 .103 2,475 0,989 .3,35 4,20 2,80 
:2 
I 
2,349 2,974 0,831 3 ,45 5,90 2,70 
3 2,063 3,135 0.698 2.45 6.00 2. 15 
4 2.081 3,042 0.925 2.20 5.50 2,90 
Wt. A = weight 01" .1:!F3 :0Et2 in grams 
Wt. .I:!= weight 01· ,elNHEt in grams 
Wt. C = weight of ,elNHMe in grams 
Int. A= height 01· .l:!F3 :0Et2in cm. 
Int. .I:! I = height 01· ¢NHEt :.l:!~'3 in C.l!l, 
Int. C' = height of ¢NHMe:.l:!F3 in cm. 
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TABLE 18 (cont.) 
Raw Data for Taole 16 
Trial If Wt. A Wt. B Wt. C Int. A Int, 1l ' Int. ~, v 
1 1,676 0.777 4.164 2,70 · 4. 15 2,35 
2 2.086 1,845 2.594 1.30 4.50 0,65 
\ \ \ 
3 (2. 026 1,876 2.155 5 .10 14.00 1. 25 
\ 4 2. 131 0.617 1.856 2. 10 3.80 4, 50 
\ Wt. A= weight of BF3 :oEt2 in grams 
Wt. 1l = weight .of ,elNHMe in grams 
w,t, C = weight of ,elNMe 2 in grams 
Int. A= height of BF3 :0Et2 in cm. 
Int. B ' = height of ¢NHMe :HE'3 in cm. 
Int, C' = height of ONMe 2 :BF3 in cm. 
Trial # 
1 
2 
3 
4 
TABLE 18 (cont.) 
Raw Data for Taole 17 
Wt. A Wt. .ll wt. C Int. A Int. 
1. 982 0,910 2,803 2,75 3,95 
1. 926 1. 006 2,765 2.60 4,70 
2,267 0,970 2,278 3,70 5,65 
2,690 1,093 2 .042 3,25 6.20 
Wt. A = weight of .l:lF 3 : 01'~t2 in grams 
( 
Wt. .ll = we\i.ght of .0NHEt in grams 
Wt. C = wed.ght of P.)NMe2 in grams 
Int. A= height of .:3F3 :oEt2 in cm. 
Int. B' = height of ,0NHEt:BF3 in cm. 
Int. C' = height of .0NMe2 :BF3 in cm. 
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H' Int. C' 
3,30 
3,35 
4,45 
5,25 
EXPERIMENTAL SECTION 
Experimentai Procedure~ in the 
Determination of.Hydrogen 
A series of compounds containing various numoers 
of hydrogen atoms were ootained. The orands used ~re 
found in taole 19. , . .lloth liquid and solid samples were 
run., with the predominant oeing liquids • 
. Some of the liquid compounds were purified oy 
1·ractional distillation in an arrangement shown in 
figure 7. The use 01' the water trap and aspirator were 
, optional and their use was determined oy the com1,ound 
' . 
oeing purified. A capillary tuoe to oleed air thru 
the system was found to De extremely beneficial in 
avoiding superheating. The solids were used with no 
furthur purification. 
After purification 01' the compounds, N. ii'! .R. 
spectra were taken. At this point, only the location 
and not the intensity of the peaks was essential. The 
goal here was to select appropriate standards. A 
appropriate standard oeing one which does not react 
with the unkno~n, which is misciole with the unknown, 
and whose peaks do not overlap the peaks of the unknown. 
Upon comparing spectra, dichloromethane was found 
to oe a suitaole standard for most of the compounds. 
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TABLE 19 
Chemical Name Hrands 'and Standards Used 
chloroform 
dichloromethane 
methanesu11·onyl 
, chloride 
1,2-diuromoethane 
p-nitrochlorooenzene 
oromoethane 
oenzene 
phenol 
oenzoic acid 
cenzyl chloride 
ethylenediamine 
trans-cinnamic acid 
t-outyl oromide 
tetrahydropyran 
anthracene 
Chem, Co. 
Fisher (cert.) 
Aldrich (reag.) 
Eastman Org. 
Fisher (reag.) 
Math., Cole., & .ll·ell 
Eastman Org. (pract.) 
Pisher (cert.) 
Mallinckrodt (reag.) 
Fisher (cert,) 
J, T. Haker (reag.) 
Fisher (cert.) 
Eastman Org; (pract.) 
Eastman Org. 
Aldrich 
Math., Uole., & Hell 
Standard 
CH2012 
CHU13 
CH2L:1 2 
CH Ul 2 2 
CH2c12 
CH Cl 2 2 
UHiJ12 
UH Ul 2 2 
CH2u1 2 
CH2c12 
CH Ul 2 2 
DMSO 
CH2cl2 
CH Ul 2 2 
CH Cl 2 2 
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TAHLE 19 (cont.) 
Chemical Name Hrands and Standards Used 
Compound Chem. Co. Standard 
:f-ethylaniline Aldrich CH2Cl2 
1,5-cyclooctadiene City Chem. Co. l:SEN7,T;NE 
2-methylplperidine A,ldrich CH 2cl2 
2-heptanbne Eastman Ore;. Cl:'2Cl2 
trieth7l.phoephite Eastman Org. (pract.) CH2c12 
heptyl alcohol Eastman Org. CH2c12 
1,4-ois-(aminomethyl) Eastman Org·. ( pract.) CH2012 cyclohexane 
dodecyl alcohol Eastman Org. (tech.) CH2Cl2 
' 
(rluorine compounds) 
p-oromol."luorooenzene Aldri9h c6 tt5F 
tluorooe!1zene Pierce U H' 6"6 
uromopentatluoro- Aldrich C6F6 
oenzene 
hexal."luorooenzene Pierc.e p-C 6T-14l:lrF 
hexarluoro-1,2-di- K & K C6F6 
chlorocyclopentene 
CAPILLARY TUBE 
4 
RHEOSTAT 
t 
FIGURE 7 
Puri1"ication Apparatus 
APPARII.TUS USED TO 
PURI FY REAGEN1S 
\./AHR 
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It has ·a, single peak at approximately 5. 3ppm 
down!" ield 1·rom TMS, which does not overlap with the peaks 
or most of the other compounds. _Dichloromethane also has 
the added advantage 01· oeing a good solvent 1·or many 
organic compounds. It has one disadvantage, that oeing 
its low vapor !>Dint which co_uld lead to errors in weighing 
if precautions against evaporation were not taken. How-
• I 
ever, this one disadvantage could oe overcome with cooling 
at the appropriate times. ,, 
Other compounds suitaole for use as standards 
were oenzene and chloro1·orm. Their peaks overlapped peaks 
o!" other compounds with a higher degree or regularity and 
hence were not as convenient as dichloromethane. Any 
I 
numoer 01· other compoune1s could have oeen used as long as 
they met the requirements of the aoove paragraph. 
If difficulty was experienced in finding a sol-
vent for a solid, which would ooth dissolve the solid 
and not overlap the spectra 01· the compound in question, 
it was sometir",es · found advantageous to use a third com-
ponent which would dissolve the solid out not increase 
the complexity 01· the epectra. Solvents such as deutero-
chloro1·orm or hexafluorooenzene. 
Next different proportions or the unknown and 
the standard were prepared and their spectra taken. The 
goal here oeing to ootain peaks 01· apprqximate equal 
heights ror each compound, In doing this, it would 
facilitate i;naximum resolution and integration. Ai"ter 
suitaole proportions were ascertained, carefully measured 
solutions were made as 1·d11ows. 
Ten-ml. volumetric flasks, containing ground 
glass stoppers, were 1ound to oe convenient vessals to 
prepare solutions in. The volumetric 1·1asks were weighed 
empty and then with approximately 4 ml. of the less vol-
atile comj)onent (usually not dichloromethane) and then 
reweighed.· The second, more volatile component was then 
added to the 10 ml. mark 01· the volumetric 1·1ask and 
reweighed. '!'he ratio of 4 ml. 01· unknown to 6 ml. 01· 
standard was found satit·actory in meeting the conditions 
I 
set up auove. The more v6latile component was added last 
to ~iriimize evaporation loss. The flask was then shaken 
and placed.in an ice oath to cool and vented to release 
pre:rnure. This process was repeated to ootain a uniform 
solution with minimal loss due to evaporation. 
Experimental Procedure Used in~ 
Fluorine Determinations 
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The experimental procedure used for the determin-
ation of fluorine was very similiar to the method aoove 
out varied sli;-;htly in two ways. Hexafluorooenz,ene was 
1·,,und to tie the most suitaole standard and only 1 :nl. of 
each corn11onent was 1·ound to eive the oest spectrum. 'rhe 
resulting solution was then diluted to t~n ml. with di-
chloromethane. The spectrum was then recorded. 
Expe'rimenial Procedure Used in the 
•Eguiliorium Studies 
The reagents used were fractionally distilled 
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in the apparatus shown in figure 7. Arter the reagents 
were purii"ied, solutions or different proportions were 
prepared. In·this instance, the purpose is in determining 
optimal separation of peaks and in oDtaining intensities 
of af;;,roximate equal magnitude. In doing this, the Dest 
possiole integrations canoe made. In many cases, the 
J 
I 
ooron'trifluoride diethyletherate peak and'the adduct's 
\ ' 
quartet are not separated Dy an acceptaole distance. 
After determining the proportions of acid and ,. 
1. ' 
oase requireg,, solutions were prepared. The procedure 
to oe discussed in the followin~ is the method used when 
two oases were equili □rated with ooron trifluoride diethyl-
etherate. The procedure followed when adding only one 
oase is identical, the second oase is just not added. 
First, a 10 ml. volumetric 1·1ask was weighed 
containing appr?ximately 3 ~l. of dichloromethane. An 
ice oath was kept on hand so that the flask could oe cooled 
oe1·ore opening to avoid evaporation losses. Then approx-
imately 2 ml. of ooron trifluoride diethyletherate was 
added· to the cooled 1·1ask, a.nd upon warming to room temp-
erature rew,eighed. T,hen, approximately 1 ml. of the one 
oase was added to the cooled flask, warmed to room temp-
erature and reweighed. After cooli)lg, the second case, 
approximately 3 ml., was added and upon reaching room 
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temperature reweighed. The additions of the oases was 
accomplished via ··pipettes whose 1·1ow could carerully oe 
regulated. Since the reactions were exothermic ana the 
heat given off had a tendency to evaporate the dichloro-
methane, these adctitidns were carried out slowly, l!'inally 
the solution was dilut
1
ed to 10 ml. with ctichloromethane 
and reweighed. Arter allowing ten minutes to ootain 
equiliorium 1·1uorine-1'9 N.M .• R. spectra were taken. 
IWSTRffi,IE,'JTATIOi~ 
All N.M.R. measurements were made on a JEOL 
C-60Hl high resolution '.f .M.R. spectrometer. Hydrogen 
spectra were run at 60-Hz and fluorine spectra at 56 Hz. 
Mass spectroscopy measurements were made on a Varian 
' ' . 
Anaspect EM600 m~ss spectrometer. 
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CONCLUSIONS 
N.M.R. spectroscopy has definite aprlications 
in the field of quant~tative elemental analysis. For 
~he compounds run, th~ percent hydrogen had a standard 
deviatidn of 0.06. The standard deviation for percent 
fluorine was 0.64. The speed with which quantitative 
measurements canoe made is one of the oiggest advantages 
of, the N.~;.R. technique. Wtth suitaole taoles, the deter-
mination of a molecular 1'ormula becomes simple. 
N.M.R. spectr6scopy also has definite applica-
tions in the field of equilibrium studies. For the 
equilibriUIJ) studies reported here, work is needed on 
determining the activity coert'icients 01' ooron trifluoride 
diethyletherat~ and diethylether. The order of uasic 
strenght toward·ooron trifluoride diethyletherate was 
found to oe :'f ,N-dimethylaniline < N-ethy1.aniline < N-methyl-
aniline. 
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